Background: Campylobacter jejuni is one of the major causes of infectious diarrhea worldwide. The distending cytolethal toxin (CDT) of Campylobacter spp. interferes with normal cell cycle progression. This toxic effect is considered a result of DNase activity that produces chromosomal DNA damage. To perform this event, the toxin must be endocytosed and translocated to the nucleus.
Background
Campylobacter jejuni is one of the most common causative agents of foodborne infectious illness in humans. A bacterial membrane-associated protein, this cytolethal distending toxin (CDT) has been identified as one of the virulence factors required for the pathogenesis of C. jejuni (1, 2) . Cytolethal distending toxin is a tripartite protein toxin composed of three subunits, CdtA, CdtB, and CdtC, encoded by an operon comprising cdtA, cdtB, and cdtC (3) . Several bacterial species have been identified that contain CDT, including Aggregatibacter actinomycetemcomitans (4) , Campylobacter sp. (5) , Escherichia coli (6) , Haemophilus ducreyi (7), Helicobacter sp. (8) , Shigella dysenteriae (9) , and Salmonella enterica (10) .
Cytolethal distending toxin holotoxin functions as an "AB2" toxin, in which CdtB is the active toxic unit "A" of the AB2 toxin. CdtA and CdtC make up the "B2" units required for CDT binding to target cells and for the delivery of CdtB into the cell interior (3, 11, 12) . The nature of the surface receptor is still poorly characterized. However, the binding of CDT requires intact lipid rafts, where CdtA and CdtC can interact with the cell membrane and enable the translocation of the holotoxin across the cell membrane (13) (14) (15) . The toxin is retrograde transported into the nuclear compartment, where the CdtB subunit exhibits type I DNase activity. Cellular intoxication induces DNA damage and activation of the DNA damage response, which results in arrest of the target cells in the G1 and/or G2 phases of the cell cycle and activation of DNA repair mechanisms, cellular distention and nuclear enlargement, and Cdc2 and ataxia-telangiectasia-mutated protein (ATM) phosphorylation. Cells that fail to repair the damage will senesce or undergo apoptosis (11, (16) (17) (18) (19) (20) .
Some bacterial protein toxin internalization had typically been observed to involve rearrangement of the host cytoskeletal structure, resulting in endocytosis (21) (22) (23) . This internalization can occur through multiple routes, including clathrin-dependent endocytosis, caveolae, phagocytosis, macropinocytosis, and several other clathrin-independent pathways (24) . Actin and tubulin have particularly well-characterized roles during internalization: actin, which is composed of microfilaments (MFs), has a clear role in generating force to assist uptake, while tubulin microtubules (MTs) are involved in the transport of endocytic vesicles (25) . However, some questions remain regarding the internalization pathway and the role of microfilaments and microtubules in the intracellular trafficking of CDT. Latrunculin A, a disruptor of actin microfilament organization, and nocodazole, a disruptor of microtubules, both have been widely used in assays of vesicular traffic (26).
Objectives
The aim of this study was to evaluate the role of the cytoskeleton in the translocation of CDT to the nucleus.
Methods

Bacterial Culture
Campylobacter jejuni ATCC 33291 and seven isolates donated from Instituto de Biotecnología, UNAM were used in this study. All strains were grown on Campylobacter bloodfree selective agar base (Oxoid, USA), with 5% sheep's whole blood, under microaerophilic conditions (5% O 2 , and 10% CO 2 ) at 37°C for 24 -48 hours.
Detection of cdt Genes From Campylobacter jejuni
The presence of CDT genes in Campylobacter strains was determined by PCR. The sequences of all cdt gene primers (IDT, USA), sizes of PCR amplicons, and PCR conditions used in this study are presented in Table 1 .
CDT Preparations
Cytolethal distending toxin preparations were obtained as described previously by Whitehouse (27) . The preparations applied in all assays were evaluated by SDS-PAGE (28) and quantified by Bradford (29) .
Cell Culture and CDT Treatment
HeLa cells were grown in Eagle's minimal essential medium with 10% fetal calf serum, 2 mM L-glutamine, 1% Na-bicarbonate, and 0.1 mM sodium pyruvate (all reagents from Gibco, USA). For CDT treatment, 5 × 10 4 cells were seeded in tissue culture plates (Nunc, Denmark) with MEM medium and 150 µg/mL of toxin. Cells were examined under an inverted microscope (Velab, Mex) every 24 hours for observation of morphologic changes or damage. As a DNA damage positive control, we used 50 mM Etoposide (VP-16-Lemery, Mex) (30, 31) . For the inhibition of translocation of toxin, HeLa cells were treated with either 1 µM latrunculin A (Sigma-Aldrich, USA) or by addition of 30 µM of nocodazole (Sigma-Aldrich, USA). The drugs were present for 30 minutes prior to the CDT infection assay.
Fluorescence
Standard immunofluorescence staining and visualization under a confocal epifluorescence microscope (E800, Nikon, Japan) was performed to assess morphologic patterns of cells. Cells were cultured on chamber slides (Nalge, USA) and incubated with the CDT preparation for 48 hours at 37°C, in an atmosphere of 5% CO 2 . They were then washed with PBS and fixed for 15 minutes with 4% paraformaldehyde in PBS at room temperature. Fluorescent phalloidin (200 U/mL; Alexa 488, Molecular Probes, USA) was then added to detect actin microfilaments. After 30 minutes of incubation with phalloidin, cells were washed in PBS before propidium iodide (Sigma, USA) staining and microscopic examination (32).
Measurement of DNA Fragmentation
HeLa cells treated with CDT preparation, as described above, were processed for evaluation of DNA fragmentation, as described (32, 33) . Extracted DNA from lysed cells was dissolved in 10 µL distilled water and treated with RNase A (Thermo Scientific, USA) 10 µg/mL at 37°C for 45 minutes and electrophoresed on a 1.2% agarose gel containing 0.5 µg of ethidium bromide per mL. DNA fragments were visualized under UV transillumination (Gel Doc XR, BioRad, USA). Cells exposed to 50mM of etoposide were used as a positive control. with protease inhibitor and phosphatase inhibitors (GE Healthcare, USA). After that, the samples were centrifuged at 14,000 g for 15 minutes at 4°C, and the protein in the resulting supernatants was quantified by Bradford assay (29) . The determination of Cdc2-phosphorylated (P-Cdc2) was tested using an enzyme-linked immunosorbent assay (ELISA-Sandwich), using rabbit monoclonal antibody against P-Cdc2 and Cdc2 (Cell Signaling, USA). The absorbance was read at 450 nm in a microplate reader (Model 680, BioRad, USA).
Immunoquantification of Cdc2-Phosphorylated
Cell Cycle Analysis
In order to establish the proportion of cells in each phase of the cell cycle, cells were trypsinized for three minutes, centrifuged and washed once with PBS. The cell pellet was suspended and fixed on ice for 15 minutes with 1 mL of cold 70% ethanol. The cells were subsequently centrifuged and the cell pellet suspended in 1 mL of propidium iodide (PI) solution (0.05 mg/mL PI, 0.02 mg/mL RNase, 0.3% NP40 [Roche, USA] 1 mg/mL sodium citrate) for one hour at 4°C (34, 35) . Flow cytometry analysis was performed using a FAC Sort flow cytometer (Becton and Dickinson, USA). Data from 10 4 cells was collected and analyzed using the Cell Quest software (Becton and Dickinson, USA).
Statistical Analysis
Results were entered and analyzed using ANOVA. P values less than 0.05 were taken to indicate statistical significance.
Results
Detection of the cdt Gene in Campylobacter jejuni
In order to determine whether the eight strains of C.
jejuni, including the reference strain (ATCC 33291), had the ability to produce the toxin, a PCR test was performed to detect the genes encoding the three subunits of the CDT toxin. All strains tested showed amplifications of 807 bp fragments for cdtA, 781 bp for cdtB, and 570 bp for cdtC, confirming the existence of the genes for this toxin. From one strain (the reference strain), the nucleotide sequence of the amplified product was obtained and analyzed to identify important regions described in another CDT toxin family.
CDT Preparations
To obtain the CDT toxin, a reference strain of C. jejuni was used (ATCC 33291). The results obtained in the SDS page showed the presence of approximately six bands, with molecular weights ranging from 60 to 90 kDa (data no shown). This preparation was used in all infection assays to evaluate the cytopathic effect of CDT and DNA damage in HeLa cells.
Effect of CDT Treatment on HeLa Cells
To evaluate the effect of the CDT toxin, HeLa cells were treated with 150 mg/mL of CDT preparations for 48 hours. Every 24 hours, cells were viewed on an inverted microscope to determine damage and morphological changes caused by the toxin. Staining of cells with fluorescent dyes, including phalloidin and propidium iodide, was used in evaluating the actin microfilaments and nuclear morphology of the treated cells. Cells stained green represented actin, whereas reddish or orange staining represented nuclei. The CDT preparation from C. jejuni induced cytopathic damage after 24 hours of incubation. Treated cells presented enlargement (completely round cells with a diameter greater than that of untreated cells) and fragmentation of the nucleus, with an abnormal distribution of chromatin ( Figure 1 ). The toxic effect of CDT on DNA was evaluated using agarose gel electrophoresis. The results of this analysis show DNA fragmentation similar to that observed in apoptosis (Figure 2 ).
The effect of the toxin on the cell cycle was also assessed by flow cytometry (FACS). In this experiment, the DNA content of untreated cells and cells treated with the toxin was measured. As a positive control, cells treated with etoposide were included. The results in this section show that 69% of cells treated with CDT toxin underwent a block in the G2/M phase, with minimal accumulation of DNA in the S phase, and 76% of those treated with etoposide were also blocked in the G2/M phase of the cell cycle, while only 18% of untreated cells showed a blockage at the G2/M and a high proportion of cells in the S phase. Having established that the CDT toxin from C. jejuni was able to block the cell cycle in the G2/M phase, the amount of phosphorylated Cdc2 in these cells was evaluated, because this cyclin is essential to the regulation of the cell cycle. Quantitation was performed in an immunoassay (ELISA) using monoclonal antibodies and protein extract from cells treated with toxin and etoposide. The results of this analysis show that the amount of phosphorylated Cdc-2 in toxin-treated cells was similar to that of cells treated with etoposide (Figure 3) .
Effect of Nocodazole and Latrunculin A on the Toxic Activity of CDT
Having evaluated the cytotoxic effects of CDT toxin in HeLa cells, we determined whether actin microfilaments and microtubules were involved in the transit of the toxin.
To do this, HeLa cells were treated with 1 µM latrunculin A or 30 µM nocodazole, 30 minutes before CDT treatment, for 48 hours. As in the previous experiment, HeLa cells were viewed on an inverted microscope every 24 hours. In the first 24 hours (Figure 4) , cells that were treated with the CDT toxin and latrunculin showed minimal cytopathic damage, based on the elongation of the cell cytoplasm. In cell cycle analysis, latrunculin was able to decrease 45% of blocked cells in the G2/M phase, compared with toxin treated cells only. Similarly, cells treated with CDT and nocodazole showed no apparent morphological damage. This was also confirmed by the results of FACS analysis, with only 18% of cells in the G2/M phase, similar to the untreated cells (Figure 4) .
When latrunculin and nocodazole were used in tandem, the morphological changes observed were very similar to those seen with latrunculin alone. However, an appreciable S phase of the cell cycle was noted in FACS analysis (Figure 4 ). This suggests that the cells were able to maintain adequate replication. With this experiment, we were able to show that both latrunculin and nocodazole interfere with intracellular transit of CDT toxin. Besides, the ELISA results showed that the amount of phosphorylated Cdc2 in HeLa cells treated with CDT toxin and with cytoskeleton inhibitors (i.e., latrunculin and nocodazole) were lower than in cells treated with CDT and etoposide ( Figure 3 ).
Discussion
Many investigations have clearly established that bacterial toxins function as virulence factors. These toxins have precise effects on different processes in eukaryotic cells; for example, some interfere with intracellular signaling by interacting with specific proteins in different signaling cascades and others, such as CDT, interfere in the cell cycle (36) (37) (38) . For these activities, toxins have to reach specific places in the cell, using the normal routes of intracellular transit. This paper explores the role of the cytoskeleton in the biological activity of CDT through different assays in which pharmacological inhibitors were added to cell cultures treated with the CDT of C. jejuni.
The CDT was first described in one strain of Escherichia coli, isolated from a pediatric case of gastroenteritis with encephalopathy. After identification in E. coli, CDT production was also reported in other pathogen microorganisms, such as S. dysenteriae, H. hepaticus, H. ducreyi, A. actynomycetemcomitans, and C. jejuni (11) . In this work, we evaluated the presence of the cdt gene in eight strains: one reference and seven isolated. All strains showed by PCR test the presence of the cdtB gene, which is the toxic subunit. Other authors, such as Johnson et al. (5), have also reported the presence of the cdtB gene, working with more than 700 strains of Campylobacter, including 583 of C. jejuni, 109 of C. coli, 16 of C. lari, and 7 of C. fetus. None of these strains was correlated by serotype, biotype, or country of origin (5) . These results suggest that the cdt operon is conserved in microorganisms of the Campylobacter genus, at least in the C. jejuni species. This conservation does not occur in the Salmonella enterica serovar Typhi, which does not encode apparent homologs of CdtA or CdtC, only expressing cdtB (10).
The distending cytolethal toxins have unusual mechanisms of action: the interference with normal cell cycle progression. This toxic effect is considered to be exclusive to this toxin, and it is a result of DNase activity that produces chromosomal DNA damage (2, 12) . No other components of the Campylobacter bacteria cell have this activity. For this reason, CDT preparations obtained from bac-terial cell lysates have been used in many other investigations (27) . In this research, CDT preparations were used to treat HeLa cells. The results observed were distention, nuclear fragmentation, abnormal chromatin condensation, cell cycle arrest in the G2 phase, and apoptosis.
There are a number of ways in which CDT might cause HeLa cells to become blocked in G2. For example, CDT might act directly on the CDC2 kinase or on proteins that interact directly with CDC2, such as the CDC25 phosphatase, which carries out the reaction that activates CDC2 for entry into mitosis (37) . The possible analogy between CDT and a prototype DNA-damaging agent, etoposide, whose early effects on HeLa cells had been studied before (39) , led us to comparatively analyze in detail the properties of these agents. We showed that both agents induce arrest of cell proliferation associated with a G2 block and the progressive swelling of blocked cells. Other investigators had also used CDT preparations and obtained the same results, in concordance with this investigation (40) .
However, recent new evidence of other activities has been reported in other CDT toxins, specifically in A. actinomycetemcomitans, where analysis of the toxin suggests that blocking of the cell cycle occurs not only as a result of DNA damage, but also by phosphatidylinositol-3, 4, 5-triphosphate (PIP3) phosphatase activity (41) . In Campylobacter, this data has not been investigated, and sequence analysis does not show evidence of this activity. However, more data is required to demonstrate this.
Cytolethal distending toxin affects a variety of epithelial cells, including HeLa, CHO, Vero, and Hep-2. This activity appears to be more effective in younger cell cultures at 60% confluence than in mature cells at 100% of confluence (42) (43) (44) . This suggests that the toxic activity of CDT is closely linked to the cell cycle. For this reason, in this investigation, cells in culture were deprived of sera, previous to treatment with CDT lysate, in order to synchronize the cell cycle and quantify the effect. However, in FACS, the cells were seen in other phases. This phenomenon may be due to a continuous accumulation of some signals that can stimulate the beginning of the S-phase. This signal may have accumulated along the cell division cycle and, therefore, may be independent of the cell cycle, rather than cellcycle specific. According to this hypothesis, in each phase of the cell cycle, there are a number of S-phase triggering signals, characteristic of that particular phase.
Starvation prevents the accumulation of these triggering signals, and cells are arrested in the G1 phase. But, some of these cells may not be arrested at this time or specific phase in the cell cycle, because they have different levels of activation signals (45) . In assays where the effect of the toxin was evident, an arrest in the G2 phase was observed. However, other phases were also present, due to the situation described above (40) . Nevertheless, the effect could still be measured, and cell distension and apoptosis were present. We can assume that each cell type has its own scenario in which the effect of the toxin is expressed; the detailed study of this scenario can help in the understanding of toxic activity, which is one of the objectives of this research.
In C. jejuni CDT, the B subunit has enzymatic activity (DNase), and the other subunits are involved in the recognition of a receptor on the cell surface, which is a ganglioside (2) . Numerous proteins and lipids on the cell surface display this type of galactoside, which would explain the large capacity of this toxin to bind to different cell lines (46) . Once bound to the cell surface, the toxin by itself is capable of directing its traffic to the nucleus (2, 43, 47) . In this respect, it has been suggested that the toxin could enter the cell through endocytosis, and once inside endoplasmic reticulum, diffuses into the nucleus through the nuclear pore.
However, in the case of C. jejuni CDT, several issues remain unresolved. One of them is that, if this toxin is endocytosed, it would require the involvement of the cytoskeleton. This work has shown that both actin and tubulin filaments are important and required for the transit of the toxin by the use of two inhibitors of the formation of the cytoskeleton. As seen in the results of ELISA and FACS, nocodazole-treated cells showed less apparent effect on the activity of the toxin. Nocodazole is a pharmacological agent that exerts its effect in cells by interfering with the polymerization of microtubules.
Microtubules are one constituent of the cytoskeleton, and the dynamic microtubule network has several important roles in the cell, including vesicular transport. Some studies have also reported that nocodazole can arrest cells in the G2 phase. However, the amount used is critical for this effect to be seen (48) . The analysis of cells treated with nocodazole alone showed a basal level of arrest in the G2 phase, compared to the toxin-nocodazole treated cells, in which the effect disappeared. The same results were observed in assays with latrunculin A.
Latrunculins are a family of toxins that binds actin monomers near the nucleotide binding site and prevents them from polymerizing. This effect results in the disruption of actin filaments of the cytoskeleton (49) . In our toxin assays, the cells treated with latrunculin A showed a reduced CDT effect. Therefore, the amount of Cdc2 and cells in the G2 phase showed a significant statistical difference between cells treated or not treated with nocodazole and latrunculin A. These results suggest an important participation of the cytoskeleton in the biological activity of this toxin, specifically in its intracellular transit.
Eash and Atwood (50) used latrunculin A and noco-dazole to determine the role of microfilaments and microtubules during early viral infection of BK virus in Vero cells. Their results showed that the disassembly of the microtubule network caused by nocodazole was crucial for the BKV infectious entry. In contrast, disassembly of the actin filaments with latrunculin A did not impede BKV infection. This phenomenon is very similar to the results we obtained, when cells were treated with nocodazole and latrunculin. Our results suggest that the toxin needs in a large degree of the microtubules in a lower percentage the actin filaments to follow the retrograde transport route from the plasma membrane to the nucleus. Finally, considering that endocytosis is important in a great number of cellular functions (24), it is not rare that bacteria use this cellular process to introduce toxins into cells, in order to infect the host. The regulation of endocytotic pathways is closely coupled with the ability of cells to recognize, respond, and adapt to external stimuli. Different endocytic mechanisms, including clathrin-mediated endocytosis, caveolae-mediated endocytosis/rafts, macropinocytosis, and transitions between endosomes, are regulated by signaling molecules (24, 46) . While clathrin-mediated endocytosis is the main route of endocytosis for extracellular ligands and the plasma membrane, another alternate route that is actively involved in endocytosis of extracellular particles, associated with regions known as lipid rafts, is the process called endocytosis mediated by caveolae, which is involved in cholesterol homeostasis, recycling of glycosylphosphatidylinositolanchored proteins, and transcytotic transport of glycosphingolipid and serum components (46) . Some viruses or toxins use this route to reach the endoplasmic reticulum, such as the SV40 virus and cholera toxin. Given the structural similarity of the CDT and cholera toxin, this pathway may be involved in the entry of the C. jejuni CDT (50, 51) .
In conclusion, this work showed that C. jejuni CDT uses the cytosketon to move into the cell in order to reach the cell nucleus. Polymerization of microtubules might be important in the retrograde transport route of CDT, with a lower participation of actin filaments. However, other molecules might be involved in this route, as SNARES and COPI-II proteins. Considering the important role that toxins have in the pathogenesis of campylobacteriosis and other infections, all knowledge generated in this area will serve to propose and develop new strategies for the control of pathogens.
